This paper deals with analysis of surface integrity of steel after electro discharge machining (EDM), water jet machining, (WJM) laser beam machining (LBM) and plasma beam machining (PBM). The paper discusses surface integrity expressed in surface roughness, sample precision expressed in perpendicularity deviation as well as stress state. This study also demonstrates influence of the various non-conventional methods on structure transformations and reports about sensitivity of the different nonconventional methods of machining with regard to variable thickness of machined samples.
INTRODUCTION
Nowadays, non-conventional methods of machining are widely employed in many industrial applications mainly for parting of components made of difficult to machine materials, when parts of thin walls and complicated geometry are produced, etc [1 -3] . Except water jet machining (WJM), plasma beam machining (PBM) and other minor non-conventional methods electro discharge machining (EDM) and laser beam machining (LBM) are used for a variety of components due to many potential technological, economy and/or other benefits. Surfaces produced by PBM, WJM or LBM are usually either finished via conventional methods of machining such as milling, turning and grinding or surfaces stay nearly untouched as surfaces not vital from the point of machines functionality. It was previously reported [3, 4] that application of EDM, WJM, LBM and PBM more or less affects geometrical accuracy of produced parts as well as their thermal load (except WJM considering thermal effect). On the other hand, EDM produces surfaces of quite low surface roughness, high dimension and geometrical accuracy and negligible heat affected zone. Being so, EDM is very often employed for production of components of high precision when further technological operations are not performed. Functionality of such components is not only a function of their accuracy, surface roughness or geometry but also surface integrity expressed in such parameters as stress state, microhardness or structure alterations [5 -7] . EDM technique is frequently discussed from the point of surface integrity and the corresponding functionality [8, 9] .
Nowadays, non-conventional methods are widely studied and rapidly developed to enhance their productivity, to reduce cost savings as well as to eliminate environmental risks. Moreover, simulation and modelling is sometimes carried out for optimization purposes.
Modelling can be done by implementing analytical, numerical, experimental and artificial intelligence-based methods. Lot of papers and associated publication were reported about different non-conventional methods of machining. Parandoush and Hossain [10] overviewed simulation and modeling technique for LBM. Meijer [11] published the state of art in LBM in general with special emphasis on applications of short and ultra short lasers. Allen et all. [12] discussed the different non-conventional methods of machining. Axinte et. all [13] discussed science and industrial aspects of WJM together with the technological advances. Junkar et. all [14] published simulation of abrasive single-particle in WJM.
EDM as well as other non-conventional methods of machining are used in a variety of ways, cutting conditions for productions of components made of variable materials. This study reports about surface integrity after the different non-conventional methods of machining in complexity of problem. Surface integrity is expressed and studied from the point of view of surface roughness, shape deviation expressed in perpendicularity deviation as well as stress state correlated with structure transformations investigated through the structure transformations. The abovemen-tioned aspects are studied as a function of variable thickness of samples.
CONDITIONS OF EXPERIMENTS
Steel samples made of STN 41 1375.0 (EN 10025-94) of variable thickness (4, 6, 8, 10 and 12) were prepared via the different non-conventional methods of machining as follows.
EDM was performed on HITACHY -254Y at voltage 56 V, cutting speed 8,2 mm2.min -1 (brass wire of diameter 0,25 mm, deionized water). PBM was performed on Vanad proxima (plasma source Hypertherm HPR 130) at cutting speed 1500 mm.min-1 (plasma gas: O2, process gas: air). LBM was performed on Bystronic Bystar 4025 of power 4 kW in continuous mode at cutting speed 2000 mm.min -1 . WJM was performed on WJ 3020-1 Z-D of jet diameter 0,9 mm made of cemented carbide with water pressure 400 MPa at cutting speed 130 m.min-1 (abrasive: GMI MESH 80).
Surface roughness was measured on Hommel Tester T 2000 (measured length 12,5 mm). Measurement for performed 5 times for each sample in the middle position with regard to sample thickness. Deviation of perpendicularity was measured on Werth Video-Check IP with the measuring ball of diameter 6 mm.
To reveal the microstructure transformation induced by the different methods of machining 10 mm long pieces were sectioned from the samples and routinely prepared for metallographic observations. I -type of residual stresses were measured by the mechanical method based of etching of machined surfaces and simultaneous measurement of a sample deformation. Electrolytic process was carried in 20% concentration H2SO4 at voltage 6V and current 5A for 2 hours. This way the depth stress profiles were obtained. X-ray diffraction was also used to determine the surface stresses ("sin2ψ" [15] , {211} α-Fe, CrKα corresponding the diffraction peak 2θ ≈ 156°). Elastic constants s1 = -1,25 TPa-1 and ½s2 = 5,76 TPa-1 [15, 16] were used for calculation of stress. Figure 1 shows the evolution of surface roughness versus sample thickness. This figure demonstrates that EDM, PBM and WJM are not sensitive to the samples thickness within the investigated range. Surface roughness stays nearly untouched through the increasing sample thickness. Figure 1 also shows that surfaces after EDM give much lower variance (scatter) of repeated measurement than those obtained after WJM and PBM. Moreover, the detail investigation indicates the surface roughness after EDM stay nearly constant within the sample thickness whereas PBM and WJM give the typical wavy profiles with increasing surface roughness through the thickness. As it was expected, the low surface roughness can be obtained via EDM. This aspect favours this method for production of samples without further machining or other technological operations. Figure 1 shows that LBM can also provide quite low surface roughness but only at low sample thickness and also indicates that LBM is the thickness sensitive methods from the point of surface roughness. Figure 1 and Figure 3 show that LBM and especially EDM can be employed for production of components of higher dimension and shape accuracy compared to the LBM and WJM. LBM also exhibits sensitivity against sample thickness and deviation of perpendi-cularity increases along with sample thickness. This information corresponds with the industrial application of LBM which tends to be employed for machining of thin parts or parts or limited thickness. Compared to LBM and EDM, WJM and PBM give quite high perpendicular deviations.
RESULTS OF EXPERIMENTS AND THEIR DISCUSSION
However, WJM allows getting the surface without thermally affected zone on the surface (as Figure 4a indicates), while PBM produces the thick HAZ beneath the free surface (see Figure 4d ). Being so, surface produced by PBM have to be finished via further technological operation such as turning, milling or grinding. These operations would remove the unfavourable HAZ, geometrical and dimension imperfections. It should be considered that the machined surface contains rehardened near surface layer as well as thermally softened deeper regions. For this reason, cutting process is less stable (tendency to chatter) due to variable structures as well as shape of the component. Study reporting about influence of sample shape as well as structure on cutting forces was previously reported [4] .
Industrial and laboratory experience showed that geometrical inaccuracy of components after PBM (and also LBM) increases along with the thickness of the samples. PBM machining allows getting much thicker samples than those achievable by LBM. On the other hand, excessive shape deviations would prolong the following conventional machining cycles. Being so, PBM devices are nowadays equipped by the progressive jet positioning allowing compensation of shape factors. Shape deviations and the corresponding stocks for the consecutive cutting operations are reduced. Figure 3 illustrates the thickness of HAZ versus sample thickness for LBM and PBM since the surfaces after WJM machining stay thermally untouched. On the other hand, EDM machining allows getting the surface with the very thin near surface re-hardened layer of variable thickness as Figure 4b illustrates. Surface rehardening occurs in the case of LBM and PBM but as opposed to EDM, re-hardened layer in the near surface region is followed by the thick thermally affected zone.
Re-hardening effect occurs due to elevated temperatures exceeding austenitizing temperatures followed by rapid self-cooling effect. Figure 5 demonstrates that structure transformation in the machined surface corresponds with the stress state expressed in the stress profiles. EDM gives thin re-hardened layer containing compressive stresses followed by moderate tensile stresses in the sub surface region. However, it is considered that the employed mechanical method can not reliably detect the thin discontinuous re-hardened layer in the near surface region. Stress affected layer is quite thin compared to the LBM and PBM. Neither EDM nor both LBM, PBM re-hardened layers were not registered in the near surface region (indicated by micrographs). Stress profile after LBM is quite steep with the high tensile stress in the near surface region. As the distance from the surface increases tensile stresses drop down. Stress affected zone reaches about 0,5 mm. PBM gives surface also containing tensile stresses in the near surface as well as deeper regions. However, the decrease of tensile stresses along with the distance from the free surface is less remarkable. Moreover, stress affected zone reaches 0,8 mm which corresponds to much deeper HAZ detected on micrographs. X-ray diffraction technique was conducted on samples after LBM and EDM to verify the information about stress state in the near surface region. Such measurement indicates -115 MPa in the 6 µm thin near surface zone while LBM gives 400 MPa. Additional measurements indicate that stress state and the corresponding structure transformations are also a function of a sample thickness, machined material as well as cutting conditions. However, such aspects are not discussed in this study and should be reported in the near future. Moreover, surface integrity in the case of WJM, PBM and PBM is also a function of position within the sample thickness. While quite smooth surface can be obtained in the upper zones with respect to the beam (jet) impact, the surface becomes rougher in the bottom side of a sample. It is believed that stress state as well as structure transformations would correspond to the changes within a sample thickness as those expressed in surface roughness.
CONCLUSIONS
Non-conventional methods of machining are widely implemented in production for making a variety of components. However, the mechanism of material separation differs. For this reason, surface obtained via the different non-conventional methods also significantly differs. It can be claimed than each method gives certain advantages as well as disadvantages. WJM allows getting the quite rough surface of low precision. On the other hand, this method can be considered as a technology of zero thermal damage risk. EDM gives quite fine surfaces of high precision as well as the negligible heat affected zone in the near surface region. However, production of components via this cycle is slow and high cost due to long machining cycles. LBM can be sometimes a good choice especially in production of thin components of complicated geometry. LBM is fast enough, gives medium surface roughness, good precision and acceptable thickness of HAZ. On the other hand, thickness of machined parts is limited. Moreover, mirrorlike surfaces can reflect the laser beam. PBM gives very high HAZ, poor geometry and surface roughness. Its employment can be viewed in machining of thick parts. Additional conventional machining should follow after PBM and quite thick stock (corresponding HAZ thickness) should be considered. Finally it should be also concluded that except technical aspects (advantages and disadvantages expressed in surface roughness, shape deviations, structure transformations, stress state and specific limitation of each method) the true choice of non-conventional method should be also based on the possible economy benefits and associated environmental risks.
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